The risk of drought in the Yangtze River Delta Region (YRDR) was assessed using the method of natural disaster risk assessment. Based on the index of disaster risk, the assessment results of risk elements such as drought hazard and vulnerability were calculated in the YRDR. The division of relative drought risk levels in the YRDR was produced at the scale of county (city, district) and township. The results indicated that the areas of highest hazard of drought are located in the northern area of the YRDR. Areas with the greatest vulnerability of drought included Shanghai, Jiaxing, Wuxi, and Hangzhou. The highest risks of drought were mainly distributed in the north of the YRDR; the proportion of slightly high and extremely high risk areas in Shanghai, Nantong, Zhenjiang, Yangzhou, and Taizhou (Jiangsu province) is over 95%. The lowest-risk areas included the southeast coastal area of the YRDR, especially in Hangzhou, and Taizhou (Zhejiang province), where the proportion of slightly high and extremely high risk areas is below 5%. Based on this drought risk assessment, it is critical to establish a drought assessment system including both guarding against and addressing drought.
Introduction
In its series of assessment reports, the IPCC noted that drought is the most common natural disaster in the world. According to estimates, global economic losses of $6-8 billion per year are caused by drought. Not only are drought costs much higher than the costs of other meteorological disasters, but drought risk has also shown an increasing trend [1] . To confirm the impact of drought in the future, the governments of various countries have implemented large numbers of engineering-based and non-engineering-based disaster mitigation actions. However, mitigation actions generally involve adjusting huge capital investments or affect a wide range of social systems. Uninformed mitigation actions will inevitably lead to misuse of human, material, and financial resources, which is contrary to the original goal of mitigation. To avoid the blindness that can lead to misuse of resources, it is important to perform scientific and systematic analyses of disaster preparation, occurrence, and development [2, 3] .
A conceptual framework, which emphasizes the combined role of hazard and vulnerability in defining risk, is used for the study [4] . Based on the framework, the relative drought level or the absolute risk is calculated for the purpose of disaster risk zoning and risk management [5, 6] . Regarding techniques, some studies use information diffusion theory, GIS, and remote sensing techniques to identify the degrees and levels of drought risk, drought evaluation, or drought monitoring [7] [8] [9] . These studies of drought risk assessment have built a solid foundation.
There are two stages of research on drought risk assessment. The first stage (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) focused on responses to crisis and risk management awareness. Several global droughts triggered a new understanding of the harm of drought, as people began to realize that drought was associated with not only a natural process but also the measures taken to address such disasters. Investigating the factors that affect drought based on a summary of past disasters, scientists became aware of the existence of drought risk, recognized the role of some nonnatural factors in drought, and began taking the initiative to ascertain the effects of drought. Consciousness of risk management became stronger [10, 11] . The second stage (since 2001) has focused on the occurrence of drought and highlighted the role of nonnatural factors in its mitigation. With the deepening study of global climate change, people's awareness of risk became more and more intense and addressing future disaster risk became a subject of study [12] . A series of studies examined climate change and the development of drought, the vulnerability of drought, and the risk assessment methods of drought. Most of these studies were from a quantitative or semiquantitative perspective; they explored the laws of drought development and emphasized the roles of human society, the economy, and environment in the face of drought pressure and the response to drought. These studies also actively tested measures to address future drought risk [13] [14] [15] .
The Yangtze River Delta Region (YRDR) is the alluvial delta by the Yangtze River and the Qiantang River, which covers 210 thousand square kilometers and includes the southeast of Jiangsu province (8 cities: Nanjing, Suzhou, Wuxi, Changzhou, Zhenjiang, Nantong, Yangzhou, and Taizhou), Shanghai, and the northeast of Zhejiang province (7 cities: Hangzhou, Ningbo, Huzhou, Jiaxing, Shaoxing, Zhoushan, and Taizhou). YRDR is one of the most developed areas in China, but drought has a huge impact on society in this region. Disaster risk assessment is an important way for scientifically and systematically analyzing disaster risk and is a key process in the formation of disaster prevention and mitigation policies. Therefore, it is critical to study the process of drought risk assessment.
Data
The data sources used for risk assessment and zoning of drought in the YRDR include basic geographic information data, social economic statistics, and basic meteorological observation data.
Basic geographic information data consists of 1 : 50000 basic geographic information pieces of data in the YRDR, including topography, water distribution, land use types, and administrative boundaries. These data are provided by the surveying and mapping department.
Meteorological observation data consists of meteorological data from 105 National Weather Stations in the YRDR from 1961 to 2014, including daily rainfall and temperature.
Social economic data consists of statistical yearbook data from counties in the YRDR from 2000 to 2014, including administrative region land area, arable land area, total population, rural population, GDP, agricultural output value, local fiscal expenditure, total power of agricultural machinery, and social welfare statistical indicators.
Method

Risk Assessment Model.
From the view of the mechanism of natural disasters, the following conditions are necessary for disaster formation: first, factors inducing disasters, such as drought caused by long-term lack of rain, and second, vulnerability of disaster, composed of the disaster-forming environment and the disaster-bearing bodies. The disasterforming environment includes topography, water distribution, vegetation cover, and other factors. The disaster-forming environment enlarges or reduces the hazard factors. From the perspective of the disaster-bearing body, the disasterforming environment is an important factor in determining the vulnerability of the disaster-bearing body. The disasterbearing body, including population, economic, and other factors, and the quantity and space distribution of the disaster-prone environment determine the vulnerability of hazard-affected bodies in a drought [16] [17] [18] . Referring to the natural disaster risk index, the drought risk assessment model is established as follows [19] :
where RI is the disaster risk, HI is the drought hazard, and VI is the drought vulnerability.
Drought Hazard Assessment.
The drought hazard is the possibility of a certain intensity of drought, which is usually determined by the frequency and intensity of drought. The first step is to determine the index system, which can reasonably evaluate the severity of drought.
As the cause of drought is very complex and many factors are involved, many drought indicators are used for specific research purposes, so the drought index has different spatial and temporal scales [19] . Some indicators reflect drought that is related to various physical processes (such as soil moisture evaporation, surface runoff, and ground water replenishment) through the mechanism of drought research, which aims to improve the accuracy of predicting drought intensity and duration [20, 21] . Other drought indexes reflect the intensity and duration of drought using statistical methods of precipitation distribution [22, 23] .
For real-time drought monitoring and early warnings, a drought index should be established which can not only accurately monitor drought occurrence, development, and termination but also match different seasons and regions. The Meteorological Drought Composite Index (MDCI) is used to diagnose drought hazard assessment. MDCI is the national drought monitoring standard of china [24] . MDCI is a comprehensive index based on Standardized Precipitation Index (SPI) and Relative Moisture Index (RMI):
where 3 and 9 represent the SPI for last 30 and 90 days, respectively, and 3 is the RMI for last 30 days; computing method follows Shahid and Behrawan (2008) [19] . Using observational daily data, MDCI is calculated day by day and the drought rank is defined in Table 1 .
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where the NH is for the annual regional drought index; , , , and represent the days of occurrence at a single station for light drought, medium drought, drought, and severe drought, respectively. HI is the regional drought intensity index, ∑ NH is the sum of the annual drought index, and is the total number of years.
Drought Vulnerability Assessment.
Drought vulnerability is composed of the disaster-forming environment and disaster-bearing bodies [19] . The vulnerability of the disasterforming environment in the YRDR is analyzed mainly using its topographic features, water system distribution, and land use characteristics [11] . Generally speaking, areas at low altitude are less vulnerable to drought, and higher areas are relatively more vulnerable. In addition, there is a close relationship between drought and topography. If there is fluctuation in the terrain, surface runoff will be collected in the gully and will discharge, and thus drought occurs more easily. The river and reservoir have very important effects on water storage and irrigation areas. Thus, the distribution density of the river network is also an important factor that cannot be ignored when considering drought. The degree of drought in various types of land is different, and the impact of drought is greatest on arable land.
In the field of disaster risk, the administrative unit is usually regarded as the disaster-bearing body, and its vulnerability usually reflects its population structure, social economic structure, and other social statistical indicators [14] . The vulnerability of a disaster-bearing body is mainly determined by the number of disaster-bearing bodies; the vulnerable evaluation factors of a disaster-bearing body involve the ratio of the agricultural GDP accounted for in the total GDP, the proportion of the agricultural population, the average regional GDP, and the ratio of farm crop-sown areas accounted for in land area. The sum total of each factor is calculated after normalization.
Based on former analysis, drought vulnerability includes 7 factors: the topographic factors, the water system factors, different types of land, the ratio of the agricultural GDP accounted for in the total GDP, the proportion of the agricultural population, the average regional GDP, and the ratio of farm crop-sown areas accounted for in land area.
(1) The Topographic Factors. The topographic factors are calculated as standard deviations of terrain in the YRDR [25, 26] , with the selected range of 100 m * 100 m (5 * 5 pitch), by the Digital Elevation Model (DEM) with resolution of 25 m * 25 m. The terrain vulnerability is shown in Table 2 .
(2) The Water System Factors. Two factors are considered as influencing factors in the vulnerability index of water system: the density of river network and the buffer of rivers and lakes [25, 26] . Because of the high density of river network, the area irrigation conditions are fine and the effects of the drought degree are light. By normalizing the river network density, the high density area is converted to low drought vulnerability. The river network density index is calculated, and the formula is as follows:
where Den is the river network density index, max is the maximum density of the river network, min is the minimal density of the river network, and represents the river network density.
For calculation of rivers and lakes' buffer, rivers are divided into primary rivers (such as the Yangtze River and Huaihe River) and secondary rivers, such as tributaries and other rivers. Lakes are divided into primary buffers and secondary buffers, with appropriate weights of vulnerability factors according to the water area; the principle is to use the maximum for the primary river and large bodies of water and the minimum for the secondary rivers and small bodies of water. Table 3 shows the width of different buffer zones and the corresponding impact index; when the index value is greater, the effect of drought risk is smaller.
The vulnerability of water system is calculated by a comprehensive evaluation method, such as the following formula:
where WF represents the water system vulnerability index, Den is the river network density index, and Bu is the buffer vulnerability index. (Table 4) .
(4) Others. The ratio of the agricultural GDP accounted for in the total GDP, the proportion of the agricultural population, the average regional GDP, and the ratio of farm crop-sown areas accounted for in land area are four normalization factors calculated based on social and economic statistical data from each of the counties or districts. The composite drought vulnerability index (VI) of the integrated layers is calculated by using the following formula:
where VI ratings are assigned to drought vulnerability; TF ratings are assigned to the topographic factors; WF ratings are assigned to the water system factors; DF ratings are assigned to different types of land; AF ratings are assigned to the ratio of the agricultural GDP accounted for in the total GDP; PF ratings are assigned to the proportion of the agricultural population; GF ratings are assigned to the average regional GDP; CF ratings are assigned to the ratio of farm crop-sown areas accounted for in land area.
Drought Risk Index Analysis.
Based on formula (1) of the drought risk index, the drought hazard and vulnerability are calculated by the layer operation function of ArcGIS software; the drought risk index layer is obtained. In the YRDR, the drought risk index is divided into five risk levels using natural break point classification in ArcGIS, extremely high, slightly high, medium, slightly low, and extremely low, to obtain the relative risk grade division of drought.
Results
The assessment of drought hazard over the Yangtze River Delta shows that the hazard distribution increased gradually from south to north in the YRDR (Figure 1) , with the higher hazard region at the north of the Yangtze River and the lowest hazard region along the coast of Zhejiang province. Due to the complex topography and precipitation distribution, the hazard faced by islands is higher than other areas in Zhejiang province.
The vulnerability is generally higher in the southern part of the YRDR (Figure 2 ). Because the northern part of the YRDR is the Yangtze River estuary plain, the flat terrain, dense river network, and numerous lakes make this area's disaster-forming vulnerability low overall. In contrast, the southern part of the YRDR is a mountainous region, where higher terrain and a sparse river network enhance the drought hazard factor and increase vulnerability. Moreover, there are developed strong economies, high population densities, crop acreages, and a large number of industrial enterprises in the southern part of Jiangsu, Zhejiang, and Shanghai. The results of calculating the grade division and relative risk index of drought in the YRDR are shown in Figure 3 . The extremely high risk areas are mainly concentrated in the northern part of the YRDR, including Taizhou (Jiangsu province), Yangzhou, and most parts of Nantong. The slightly high risk areas are concentrated in Changzhou, Suzhou, Nanjing, Zhenjiang, and Zhoushan; Shanghai and Jiaxing are also included. The extremely low and slightly low risk areas are concentrated in the south of the YRDR, especially in the southeast coastal area, Taizhou (Zhejiang province), Ningbo, Shaoxing, and Hangzhou, while the rest of the YRDR are medium risk areas. Table 5 shows the statistics of the risk levels for drought in the YRDR cities. The relative risk level in most areas of Shanghai is slightly high (68.59%) or extremely high (26.47%). In the northern YRDR, the proportion of slightly high and extremely high risk areas in Nantong, Zhenjiang, Yangzhou, and Taizhou (Jiangsu province) is more than 95%. The overall level of risk in Zhejiang province is lower than that in Jiangsu province especially in Hangzhou and Taizhou, where the proportion of slightly high and extremely high risk areas is below 5%. The level of drought risk in Jiaxing and Zhoushan, where the proportions of slightly high Discrete Dynamics in Nature and Society 5 and extremely high risk areas are over 80%, respectively, is relatively high compared with other cities in Zhejiang province.
Conclusions
Natural disaster risk assessment is applied to drought in the YRDR. Using this method, natural disaster risk is caused by hazard and vulnerability. The relative level of drought risk zoning in the YRDR is achieved based on calculating the drought risk index. There is high drought hazard in the north of the YRDR, while the coastal areas of Zhejiang face the lowest hazard. The higher drought vulnerability in the YRDR is mainly distributed in economically developed areas such as the southern part of Jiangsu, the northern part of Zhejiang, and Shanghai. Additionally, the northern part of the YRDR consists of the Yangtze River estuary plain, flat terrain, dense 6 Discrete Dynamics in Nature and Society river network, and numerous lakes; the drought vulnerability is a little low overall. In contrast, the southern part of the YRDR is a mountainous region, where higher terrain and a sparse river network enhance the drought factor and increase the drought vulnerability.
The areas at extremely high risk for drought are mainly concentrated in the northern part of the YRDR, including Yangzhou and most parts of Taizhou (Jiangsu province). The slightly high risk areas are concentrated in Nanjing, Changzhou, Nantong, Zhoushan, Jiaxing, and Shanghai. The extremely low and slightly low risk areas are concentrated in the south of the YRDR, especially in the southeast coastal area, Taizhou (Zhejiang province), Shaoxing, and Hangzhou, while the rest of the YRDR are medium risk areas.
Building on the foundation of drought risk assessment, research and development regarding drought risk management systems are important issues for the future. At present, because of the lack of awareness of drought risk management, most departments focus on responses to disaster while ignoring disaster prevention. An important aspect of establishing a drought risk management system is to reduce drought losses; this approach integrates drought risk assessment, risk assessment, risk response strategy, and public risk awareness.
Conflicts of Interest
The authors declare that there are no conflicts of interest regarding the publication of this paper.
